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ABSTRACT: Chemical exchange saturation transfer (CEST)
NMR spectroscopy has emerged as a powerful technique for
studies of transiently formed, sparsely populated (excited)
conformational states of protein molecules in slow exchange
with a dominant structure. The most popular form of the ex-
periment, and the version originally developed, uses a weak 'H
radio frequency field to perturb longitudinal magnetization of
one state with the effect transferred to magnetization in the
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z ¥
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w
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second conformation via chemical exchange. A significant limitation of the method for protein applications emerges from 'H
magnetization transfer via dipolar relaxation (NOE effect) that can severely complicate analysis of the resulting CEST profile.
This is particularly an issue since the 'H chemical shifts of the excited state, critical for structural studies of these elusive
conformers, become difficult to extract. Here we present a method for measurement of these shifts via CEST experiments in
which the NOE effect is not an issue. The methodology is illustrated through applications to a pair of exchanging systems where

the results are cross-validated.

B INTRODUCTION

Biomolecular function is often dictated by excursions between
different molecular conformations." While detailed studies of
the most prevalent (ground state) structures are often possible,
corresponding studies of sparsely populated conformers are not
as common since the biophysical tools amenable to their in-
vestigation are less developed. However, over the past decade
significant advances have been made in relaxation dispersion
NMR spectroscopy,” increasing its utility as a method for
studying sparsely populated and transiently formed conformations
of proteins'™ and nucleic acids."®'" For exchange processes
ranging between approximately 200 and 2000 s~ the Carr—
Purcell-Meiboom—Gill (CPMG) approach,''* conceived over
five decades ago, remains widely used because measured relaxation
dispersion profiles depend on exchange rates (kinetics), fractional
populations of exchanging states (thermodynamics) and differ-
ences in chemical shifts, Aw (ppm), between interconverting
states that can be robustly extracted from fits of the experimental
data. Values of Aw are critical for structural studies of sparsely
populated conformers (referred to in what follows as conforma-
tionally excited states) because chemical shifts can be related to
structure.'*'® For rates of exchange that are less than ap-
proximately 100—200 s™' and where excited state(s) are not
visible in spectra it can be difficult to extract correct estimates
of exchange parameters and chemical shift differences from
CPMG data.'® In this regime, CEST-based experiments
become powerful.'” Here a series of spectra are recorded as
a function of the position of a weak radio frequency field.
When the applied field is proximal to a peak derived from one
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of a pair of exchanging states, the sparsely populated
conformer for example, the effect of the perturbation extends
to the peak from the second (ground) state, facilitating the
extraction of exchange rates and chemical shifts of the excited
state conformer.'®"®~%° Note that in general such shifts are not
available from standard NMR spectra because the excited state is
“invisible”.

Initial protein applications of this methodology include the
work of Gupta and Redfield"” and, subsequently, Roberts,
Fenney, and co-workers,'®*' where the methodology was used
to assign resonances from one conformation based on known
assignments of a second state and to obtain the kinetics of the
exchange process. Balaban and co-workers”> and then van Zijl
et al.”® subsequently showed that it is possible to image via
saturation transfer from a reporter molecule to water, thereby
amplifying the signal many fold. In an important application to
studies of exchange in protein systems, Fawzi et al. measured
magnetization transfer from N to quantify both the inter-
conversion of A between free peptide and high molecular
weight protofibrils and the '*N linewidths of the invisible fibril
state resonances.”® Building on these ideas, our laboratory has
developed and applied 'SN'® and '*C** CEST schemes for ex-
tracting exchange parameters and Aw values in exchanging
protein systems with exchange rates on the order of 100 s and
where the excited state is not observed in NMR spectra. Herein
we extend this methodology to studies involving the measure-
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ment of '"H Aw values in proteins undergoing slow chemical
exchange using a novel CEST experiment that circumvents
limitations to 'H applications that have been problematic in the
past. The utility of the methodology is illustrated with examples
involving (i) the folding of an A39G mutant of a small four
helix bundle protein and (ii) the interconversion of the L99A
cavity mutant of T4 lysozyme between a pair of distinct con-
formational states.

B MATERIALS AND METHODS

Sample Preparation. Protein L was expressed and puri-
fied as described previously.”> The sample concentration
was 4 mM [U—""N,?H]-labeled protein dissolved in 50 mM
sodium phosphate, 0.05% NaN3, 10% D,O buffer (pH 6.0).
A [U—"N]-labeled A39G FF domain sample was prepared
as described by Fersht and co-workers.”® The sample used
was 2 mM in protein, S0 mM sodium acetate, 100 mM NaCl,
10% D,0, 90% H,O buffer (pH 5.7). A [U-'N,*H]-labeled
sample of the L99A mutant of T4 lysozyme (L99A T4L) was
generated following established protocols.” A 1 mM sample
was prepared in 50 mM sodium phosphate buffer, 25 mM
NaCl, 2 mM EDTA, 2 mM NaN,, 10% D,0, and 90% H,O
(pH S.5).

NMR Spectroscopy. An >N CEST data set'® was recorded
on protein L, 1 °C, 11.7 T (room temperature probehead),
using an "°N B, field strength of 25 Hz applied for a dura-
tion T = 0.5 s; simultaneously a "H composite pulse decoupl-
ing field of 2.5 kHz (comprising 90,240,90, elements) was
employed. A total of 62 2D planes were recorded in steps of 25
Hz with the position of the '*N B, field ranging from 103.7 to
133.3 ppm. Each plane was recorded with (£ a0 fomax) = (39.5,
63.9 ms), two transients per free induction decay (FID) and an
interscan delay of 1.5 s for a net acquisition time of ~6 min and
a total measurement time of 6 h for the complete series. In
order to illustrate the influence of proximal protons on 'HN CEST
profiles we acquired an "HY CEST data set on protein L, 1 °C,
11.7 T (room temperature probehead), using an 'HY B, field
strength of 15 Hz for T = 0.5 s. A total of 102 data sets were
obtained in steps of 15 Hz with 'H" offsets ranging from 6.85 to
9.85 ppm. 2D planes were recorded with (t) . thma) = (314,
64.0 ms), two scans/FID and a repetition delay of 2.0 s for a net
acquisition time of ~6 min/plane and a total collection time of
10.3 h for the complete series.

N CEST data sets were obtained on the A39G FF domain
sample, 1 °C, 14.0 T (cryogenically cooled probehead), using
an °N B, field strength of 18 Hz (T = 0.5 s). A set of 92 2D
planes was obtained in steps of 20 Hz with the position of
the '*N B, field ranging from 104.9 to 133.6 ppm. Each 2D
data set was recorded with (t; nuy byma) = (35.6, 63.9 ms),
four scans/FID and a repetition delay of 1.5 s, correspond-
ing to a net acquisition time of about 12 min per plane
and 18.1 h for the complete series. In order to determine
the 'HY chemical shift of the minor state, several 'N-CEST
data sets were recorded. These include (i) a series of
three experiments with an off-resonance '"H CW decoupling
field of 924 Hz positioned at 7.5, 8.5, and 9.5 ppm, and
applied simultaneously with the weak "N B, field (see
Figure S1 for the pulse scheme used), (ii) a fully decoupled
(“standard”) experiment'® (using a 3 kHz decoupling field)
and (iii) a “coupled” experiment (i.e, no 'H decoupling during
T whatsoever).

A similar set of "N CEST experiments was recorded on the
L99A T4L sample, S °C, 14.0 T (cryogenically cooled probehead),

using an °N B, field strength of 14 Hz applied for T = 0.75 s. A
set of 80 2D planes were obtained in steps of 30 Hz with the
position of the N B, field ranging from 98.6 ppm to 137.2 ppm.
Acquisition times of (£, nz tyma) = (38.0, 63.9 ms) were used,
along with four transients per FID and a relaxation delay between
scans of 1.5 s (16 min per plane, total collection time of 21 h). A
set of three experiments was run with a weak '"H CW decoupling
field of 941 Hz centered at 7.5, 8.5, and 9.5 ppm, respectively
(applied simultaneously with the weak "N B, field; Figure S1)
along with fully "HY decoupled (in the CEST "*N dimension,
3 kHz decoupling field) and fully "H coupled experiments.

Each of the CEST data sets described above was recorded
with an additional plane where T was set to 0 to allow for a
robust estimate of longitudinal relaxation rates.'® Calibration of
the weak "*N B, field applied during T was according to the
method of Guenneugues et al.”’

Data Analysis. All NMR data were processed and analyzed
using the NMRPipe package™ with signal intensities (I) quantified
using the line-shape-fitting module of the software. All planes from
the same experiment were fit together, assuming identical line-
shapes but varying intensities. All data were analyzed using an in-
house-written program, ChemEx (available upon request), with
the best-fit model parameters extracted by minimization of the
target function

exp _ Falc 2
2@ = Z(—I" 2 ]

i i (1)
where the summation is over all the experimental data points i,
o;® is the estimated uncertainty of the measured peak intensity
7%, (&) is the calculated peak intensity, and & = (x,, .., x,) is
the set of adjustable model parameters. Uncertainties in the
measured intensities, o;F, were estimated on a per profile basis
using the intensity scatter in regions of the 1D CEST profile that
did not contain any intensity dips. The minimum uncertainty was
set to the median uncertainty from all residues.

Signal intensities were estimated by numerically integrating
the Bloch-McConnell equations™ (over the period T, see
Figure S1) describing the evolution of an isolated scalar coupled
'HN—'5N spin system exchanging between two states,*>*" G and

kg
E G =E,
kEG
4 n(®) = Lm()
dt (2)

where m is a 30 X 1 column vector with the first (last) 15 rows
containing density elements for state G (E)

m = (H{, Hy, HY, N¢, Ny, N, 2H N{, 2H;NZ,
2HUNY, 2HONY, 2H{N,, 2HJN}, 2H)NY,
Gp7G Ga7G E EpsEfH
2HJNY, 2HON?, Hy, ..., 2HINY)

®)

and “+” is the transpose operator. Matrix L is given by

L= [RG 015] 4 —kae  kig ®1
= 15
0,5 Rg kee  —keg 4)
that describes the evolution of the spin system in the presence

of chemical exchange with 0,5 (1,5) the 15-dimensional null
(identity) matrix. In turn,
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is the 15 X 15 submatrix that describes the evolution of the
density elements of state i (i € {G,E}) in the absence of chemical
exchange***! In eq 5, Ripy [Ry,,] denotes the 'HY [N in-
phase transverse relaxation rate (in s™'), R}, [Ry,] is the 'HY
['*N] longitudinal magnetization relaxation rate (in s™*), RngyNz
[Rotonwy] is the "HYN [N antiphase transverse relaxation rate
(in s~ 5, REnyny is the relaxation rate of multiple quantum
coherence (in's™'), Rbyy, is the longitudinal two-spin order
relaxation rate (in s7'), #iy, (i) is the "HY [°N] transverse
dipole-CSA cross-correlated relaxation rate (in s™"), 1y, [#7.] is
the "HY ["*N] longitudinal dipole-CSA cross-correlated relaxa-
tion rate (in s™'), & is the cross relaxation rate between "HY and
5N spins (in s7%), ,uﬁnq is the cross-relaxation rate between the
multiple-quantum coherence components (in s™'), wi; [wh] is
the offset frequency (in rad-s™) of the 'HY ['*N] resonance of
state i from the "HY ["*N] #f carrier (wf; and @§ are obtained
from ground-state peak positions and are not fitting parameters),
@,y [,y] is the applied "HY ['N] rf field strength (in rad-s™")
and J; is the "HN-"N scalar coupling constant (fixed to —93 Hz).
We have not introduced additional terms that account for the
magnetization at thermal equilibrium because these cancel when
the phase cycle (phase ¢1) is taken into account (Figure S1).
The effects of N B, field inhomogeneity were included by
repeating the calculation with 10 different B, field values
equally spaced within +2¢ around the mean, where ¢ is the
estimated standard deviation of the B, field distribution (about
10% of B,;). The final intensity value was obtained by com-
puting the weighted average of all 10 calculations, using co-
efficients that assumed a Gaussian profile. Numerical simulations
assuming a spherical protein with a tumbling time ranging from 5
to 2S5 ns showed that n;,yxy, Ny O /tinq, and R}, marginally affect
1D "*N-CEST profiles and were consequently set to 0, 0, 0, 0,
and 1 577, respectively, in all the fits. As the molecule spends only
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a small amount of time in state E, many of the relaxation rates of
sp ins in this state (Rgxlef\lz) RngyNz) RngnyyJ RgHzNz! nf\l,xy) nﬁ,z)
could not be constrained by the data and were therefore assumed
to be equal to the rates of corresponding density elements that
are germane for state G. To further simplify the fitting procedure,
the '"HY and "N antiphase transverse relaxation rates were

estimated using the following relations:**
i i G G
2HzNxy — Rny + Ropen: — Ry (6)
G e G
RZnyNz - Rny - Ry, (7)

where RS, Rl(\;,xy, and Rgxy are fitting parameters (see below)
and RSy, values were measured in independent experiments.

Parameters included in the fits are (i) k., (=kgg + kgg), (ii) pg
(the fractional population of state E), (iii) @f; and @k, ("H and
N chemical shifts of residues in state E, in ppm), (iv) Rﬁxy
(*N transverse relaxation rate of state E), (v) RS, Rlc\;,xy, Rgxy,
RZGnyny, ’71(\;ny; and nsz (a set of six relaxation rates of spins in
state G), (vi) and an initial intensity, I;. It should be noted that
k.. and pg are global fitting parameters, common to all of the
reGsidues, wl}ile w5, Qf\,,Rf\]xy, RI(\;,Z, Rgxy, Rgxy, RZGnyny, ’71(\?ny1 and
1N, are residue-specific. Practically the fit of the experimental
data was achieved in two steps: (1) First, only >N CEST profiles
recorded with broadband, composite "H™ decouplir(lsg were fit
together using a previously described procedure,'® allowing
robust estimation of k. and pg, along with residue-specific
values for @y, R, R¥,, and RY,,. (2) Data from all five exper-
iments (with full IHI\# decoupling, without 'HY decoupling,
with off-resonance CW 'HN decoupling at three different offsets)
were then combined and fit together assuming k., and pg values
from the previous step. To make sure that the global minimum
of the target function was reached, we first performed a grid
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search in 7, with values sampled every 0.25 ppm along a S ppm
segment centered around ;. A final optimization where wf; was
allowed to float was then run from the best point on the grid.

B RESULTS AND DISCUSSION

Main Problem with "H-CEST. Recently, Fawzi et al.”*® have
reported a CEST experiment whereby exchange is probed via
the '*N heteroatom, as opposed to the 'H spin. This is an im-
portant development because it circumvents a major limitation
with 'H CEST experiments that had been performed on proteins
up to that time, as illustrated in Figure 1. Here we have chosen a
small 63 residue protein, protein L, that does not show any
evidence of chemical exchange on the millisecond time-scale either
by CPMG relaxation dispersion® or from SN CEST exper-
iments."® In Figure 1A a single CEST trace is indicated for Glu

A 0.5 B
0.8]
Ly V]
T K “q, .m _/‘
04 . * x‘\'r..‘: .« s
o 06 e g
® o3 ¢ f A ..
> "HN Lys 28 \ 'H Phe 26
‘G 04 HYAla29 e
g 02 . —
b= : NOE
ol 0.2 .
>N CEST - Glu 27 'HN CEST - Glu 27
0 ~400 R—T 00 ° ~400 0 400 800
N B, offset (Hz) H B, offset (Hz)

Figure 1. *N- (A) and 'H™- (B) CEST profiles for Glu 27 of protein
L, 14.0 T, 1 °C. Only a single dip is observed in the *N-CEST trace
and for each of the traces from the data set, consistent with the
absence of ms time scale chemical exchange in this system. The extra
dips in the "HY-CEST derive from NOE magnetization transfer to the
"HY of Glu 27 from proximal protons in the protein (labeled).
Experimental details are provided in Materials and Methods.

27 as a function of the offset of a 15 Hz "N radio frequency
(rf) field from the center of the "N spectrum (119 ppm),
applied for a duration of T = 0.5 ms (see Figure S1 for the pulse
scheme). Each point of the trace is proportional to the intensity
of the Glu 27 cross geak measured in a 2D experiment, as de-
scribed previously,m’2 with magnetization transfer summarized as

N N
'H - “N,B, T) - 'H (8)

Equation 8 makes it clear that the *N rf field is applied during an
interval where the magnetization of interest is along Z and, hence,
relaxes slowly. "HN magnetization is decoupled during this interval,
as is the case for a “standard” "N CEST data set. Typically one
additional spectrum is recorded with T = 0 and the intensity ratio
of cross peaks in spectra with and without the rf element plotted,
illustrated in Figure 1A (Y axis).

When the rf carrier is placed close to the resonance position
of the peak, there is a decrease in its intensity, as expected. The
fact that no additional dips in intensity are observed in this case
and that similar single dip profiles are recorded for each residue
of the protein indicates that additional conformational states
cannot be detected. Yet when the corresponding 'HY CEST
experiment is recorded many dips beyond that from Glu 27 are
observed. These extra dips occur at positions corresponding to
resonance frequencies of 'H™s that are proximal to the amide
proton that is quantified, including Phe 26, Lys 28, and Ala 29.
Thus, saturation transfer to the "H™ of Glu 27 from proximal

amide protons via the NOE effect generates the extraneous dips
in Figure 1B (labeled as NOE). For protein systems undergoing
chemical exchange the dips from NOE transfer could well
interfere with those of interest from exchange, severely com-
plicating data analysis.

The problem illustrated in Figure 1 for 'HY protons is
generic to any 'H CEST experiment involving biomolecules
such as proteins and a priori it is not clear how to separate
NOE and CEST effects. Such a separation is desired, however,
because proton chemical shifts of the excited state are often
essential for its structural analysis. Unlike *N or "*C chemical
shifts that are much more local in nature, 'H shifts can be sensitive
to the position of aromatic moieties due to ring current effects”*
and therefore they often contain critical long-range information.
In what follows, we provide a solution to this problem, illustrated
for 'HN chemical shifts, and then validate the approach with a

>N CEST profile of peak G
A . o
S e
LT >
z G “Invisible =
- C
g
£
THN "N B, offset
Re)
© W
2>
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[
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£
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© [
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C
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£
"*N B, offset
Re)
©
2>
i
C
g
£
"*N B, offset

Figure 2. Schematic illustrating the proposed method for measuring an
excited state "H™ chemical shift indirectly from 'SN-CEST experiments
recorded as a function of the position of the 'HN CW decoupling field
(B-D). Typically a series of 'N-CEST data sets are recorded
(comprising 60—100 different >N B, offsets; see Materials and Methods)
with an ~1 kHz "HY CW field applied at a set frequency, as illustrated in
B—D. In the applications considered here, three separate 'SN-CEST
experiments are measured with the '"HY B, positioned at 7.5, 8.5, and
9.5 ppm. Shown also for reference is the corresponding '*N-CEST profile
recorded with 'HN composite pulse decoupling as described previously'®
(A). Note that the CEST profile is generated by measuring the intensity
of peaks from the ground state (G; Y axis) as a function of the offset of a
weak BN rf field (X axis).
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pair of applications involving folding of an FF domain* and
conformational exchange of a cavity mutant of T4 lysozyme.®

Solution to the Problem. Figure 2 shows a schematic of
the methodology that has been developed, focusing on a single

GE
residue from a two-site exchanging system G = E, where G

and E correspond to ground and excited statesE,G as described
above. The approach builds upon the "N CEST experiment
that has been previously shown to be 6powerful in the analysis of
slowly exchanging protein systems.'®*® In applications to this
point, we have used "H" composite pulse decoupling so that
N CEST profiles are obtained with a major dip corresponding
to the position of the ground state and a second dip at the °N
chemical shift of the corresponding peak derived from the
excited state that results from magnetization transfer between
the states (Figure 2A). Although the position of this peak
(E state) cannot be ascertained from "H™-"N correlation maps
because of the sparse population of the excited state and its short
lifetime, it can be deduced from CEST due to the amplification
that is provided by “reading oft” intensities of the ground state
correlation in a series of data sets where the position of the rf
carrier is incremented. Note that because N spins are well iso-
lated and have a low gyromagnetic ratio, rf perturbation at the
frequency of one spin can only be transferred between ex-
changing sites so that the NOE effect observed in the 'H version
is not present.zo The resonance frequency of the BN spin must,
however, be encoded indirectly and this is accomplished by
recording a series of N CEST data sets with off resonance 'H"
CW decoupling applied simultaneously with the '*N rf during T
so that partially coupled profiles are obtained. The approach is
directly analogous to that used previously where an off resonance
decoupling field is applied during an acquisition dimension of an
experiment from which chemical shifts of the coupling partner
can be obtained through measurement of the residual coupl-
ings.>>® In the case of interest here, the offset of the 'HN 7f
carrier from an amide proton, v is given by the relation®” v g ~
Ilz,f/l\l((ljs/ Tovs)* — 1)V% where Uy .is the strengh of the 1f,.] is the
H™-"N one bond scalar coupling, and ] is the magnitude of
the splitting in the presence of the field. The value of the 'HY
chemical shift is then one of v ;e + Vog The two possibilities
can be distinguished by recording more than one partially
coupled spectrum, as illustrated in Figure 2B—D. In Figure 2B,
the "HY rf field (denoted in green) is applied at a proton fre-
quency that overlaps with the resonance position of the ground
state so that the major dip of the "N CEST profile is decoupled,
while the dip at the position of the excited state remains a
doublet. In a further '*N CEST experiment (Figure 2C) the 'H"
rf field is moved upfield, leading to a CEST profile with partial
decoupling of both dips, while yet another experiment with the rf
field placed close to the E state correlation (Figure 2D) produces
a profile with decoupling of the minor state dip. A simultaneous
analysis of CEST profiles, Figure 2B—D, using exchange param-
eters and "°N chemical shifts fitted from the standard experiment
with composite pulse "HY decoupling'® (Figure 2A), enables ex-
traction of accurate 'HY chemical shifts (see Supporting
Information), as is shown below.

Validation of the Approach. As a first step to verify the
methodology we consider the folding of a small four helix
bundle, the FF domain from HYPA/FBP1l. We have pre-
viously shown by '*N CEST that at 1 °C the A39G mutant in-
terconverts between a highly populated native state (py ~ 98.5%)
and an excited state, corresponding to the unfolded state, with an
exchange rate constant, k., = kyy + kyy = 50 s7116 The exchange

)]
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O
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No decoupling %
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Ba

L33

CW decoupling
@ 8.5 ppm

CW decoupling
@ 9.5 ppm
|

120 130 20 T
B, offset (ppm)

Intensity ratio

w

0

Figure 3. ’N-CEST profiles of residues Gln 59 and Lys 60 of the
A39G FF domain, 14.0 T, 1 °C, as a function of the position of the
"HN CW decoupling field as indicated. An expansion of the data
(circles) is shown so that the dips from the excited state can be
more clearly visualized, while those derived from the ground state
are off-scale. All dispersion profiles for a given residue are fitted
simultaneously to extract accurate values for "HY chemical shifts in
the excited state, as described in Materials and Methods. Solid lines
are the fits to the experimental data, assuming a two-site exchange
process.

reaction is reasonably well approximated as two-state, although
from the fitted N linewidths of the excited conformer it is
clear that an additional exchange event is involved that occurs
on a time-scale that is over an order of magnitude faster. Figure 3
shows SN CEST profiles for residues Gln 59 and Lys 60 of the
A39G FF domain recorded using experiments with broad-
band composite 'HY decoupling during T (A), no decoupling
(B) and a 1 kHz "HN CW decoupling field centered at 7.5 (C),
8.5 (D), and 9.5 ppm (E). We have chosen Gln 59 because of
its relatively large N At value (6.4 ppm) that makes it easy
to distinguish the dips from the ground and excited state
correlations. A clear doublet is observed for the excited state
correlation in the “No Decoupling” case (Figure 3B), while
doublets separated by smaller effective couplings are noted when
the 'HY field is placed at 7.5 ppm (Figure 3C) or 9.5 ppm
(Figure 3E). The singlet observed with the rf carrier at 8.5 ppm
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A3 A39G FF domain 32 L99A T4L
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Figure 4. (A) Linear correlation plot of "HY Aw values derived from
CEST (Awuncesry Y axis) vs predicted values for the A39G FF
domain, assuming that the excited state can be modeled as a random coil
polypeptide (A re, X axis). Main correlation includes those residues
where N Aw > 1 ppm; inset for residues where N Aw < 1 ppm.
(B) As in (A) but for L99A T4L where the X axis (Awyycpme) lists
amide proton chemical shift differences measured from 'HY CPMG
relaxation dispersion experiments® recorded at 25 °C, where k,, is within
the window of the dispersion methodology (see text).

makes it clear that the Gln 59 'HY chemical shift is nearby. For
Lys 60 the '*N A value is smaller (2.5 ppm) so that the major
and minor state dips become less resolved, yet an accurate 'HY
chemical shift for the excited state can be extracted for this residue
as well from fits of the data (see Supporting Information).

Figure 4A plots the correlation between 'HY Aw values ob-
tained from fits of the CEST data, Awyy csr (Y axis), versus
predicted values where the chemical shifts of the excited state
are taken from tabulated values for a random coil polypeptide,*®
Awyy e (X axis) for those residues where N Aw > 1 ppm
(43 of 63 fitted residues). A strong correlation is obtained,
confirming that the exchange reaction studied is between native
and unfolded states and that the methodology is robust. For the
case of Gln 59 and Lys 60 highlighted in Figure 3, Awyy crst
values of 0.36 & 0.07 and 0.72 + 0.0S ppm are fitted that agree
well with Awyyrc = 045 and 0.74 ppm. Notably, the root
mean squared deviation (rmsd) between Aw values, 0.19 ppm,
is well under the standard deviation (0.49 ppm) between
SPARTA+> predicted and experimental 'H" chemical shifts.
This level of error would thus not be problematic for chemical
shift based structure determination of excited state conformers
based on programs such as CS-Rosetta'* or Cheshire.' Finally,
an rmsd of 0.19 ppm must be considered as an upper bound on
the experimental error as the tabulated chemical shifts of an
unfolded state are of course only an approximation to the true
shifts for a particular protein.

The FF domain is small (71 residues) and it is important to
establish that the methodology is applicable to larger protein
systems as well. As a further example, we have chosen a cavity
mutant of T4 lysozyme (164 residues), L99A T4L, that ex-
changes between a pair of conformers in solution.” Experiments
have been recorded at 1 °C (correlation time = 25 ns), where
ke = 150 57!, pp = 1.6%. Here too an excellent correlation is
observed between Awyycpsy values and the corresponding
shift differences measured by "HY CPMG experiments on the
same sample,’ Ay cpma but at 25 °C, where the exchange
rate (ko = 1350 s7') is more amenable to dispersion exper-
iments, Figure 4B (red,""N Aw > 1 ppm).

A limitation with the present methodology is that the
measurement of accurate 'HY chemical shifts of the excited
state requires a minimum separation between major and minor

state dips in "N CEST profiles, Figure 3. It is of interest,
therefore, to establish what the requisite separation might be.
The insets to Figure 4A,B show 'HY Aw correlations, as for
the main figures, but considering those residues for which SN
Aw < 1 ppm. In the great majority of cases the errors in ex-
tracted chemical shifts increase significantly, with a concomitant
decrease in the correlation with the “correct” values. A minimum
value for "N chemical shift differences of 1 ppm thus appears to
be a requirement of the present method. Notably, in this regard,
the largest outlier in Figure 4B (red, denoted by *) is for Arg
137, where "N Aw = 1.0 ppm.

Although the CEST method was originally introduced close
to 50 years ago and most applications have involved perturba-
tions via 'H rf fields, separating dips due to magnetization
transfer from chemical exchange or NOE effects has remained
problematic. This complicates the use of "H CEST as a quanti-
tative probe of chemical exchange, at least for many protein
applications. Here we provide a simple solution that exploits
heteroatom CEST experiments, with the chemical shift of the
attached 'H spin provided in an indirect manner. The method-
ology thus extends the CEST approach to include "H nuclei
whose chemical shifts are important in structural studies of
excited protein states.
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One figure of the pulse scheme used to record data and tables
of extracted "H™ chemical shifts from CEST experiments. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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